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Plane and Cross-Sectional TEM Observation to Clarify
the Eﬀect of Damage Region by Ion Implantation
on Induced Phase Transformation in Austenitic 301 Stainless Steel
Dwi Gustiono* , Norihito Sakaguchi, Tamaki Shibayama, Hiroshi Kinoshita
and Heishichiro Takahashi
Center for Advanced Research of Energy Technology, Hokkaido University, Sapporo 060-8628, Japan
Phase transformation in austenitic 301 stainless steel was studied under 300 keV Feþ and Arþ ions implantations to ﬂuence of 1  1021
ions m2 at room temperature, in order to pursuit the nucleation of martensitic phase transformation in ion-implanted region. Microstructures
after ion implantation were observed by transmission electron microscopy (TEM) with plane view and for cross-sectional specimens. The plane
view observation of the implanted specimen showed that phase transformation from the phase to phase was induced due to implantation to
doses of 5  1020 Feþ ions m2 and 1  1020 Arþ ions m2 . The nucleation of implantation-induced phase increased with increasing of ﬂuence.
The orientation relationship between the matrix and the induced phase was identiﬁed to be ð11 0Þ k ð111 Þ and ½111 k ½011 , close to the
Kurdjumov-Sachs (K-S) for the Feþ ion implanted specimen, and ð110Þ k ð111 Þ and ½001 k ½01 1 close to the Nishiyama-Wasserman (NW) for the Arþ ion implanted specimen. The cross-sectional observation after implantation revealed that the phase transformation preferentially
nucleated in the region near the surface in metal (Feþ ) ion implanted specimen, because the gradient of implanted ion concentration attains
maximal near the surface. On the other hand, the behavior of phase transformation in the Arþ ion implanted specimen was diﬀerent from that of
Feþ ion implantation and the phase was induced at deeper region from surface than Feþ ion case.
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1.

Introduction

It is well known that martensitic phase transformation is
often caused in austenitic stainless steels under stress.
According to Schaeﬄer phase-diagram, the stability of the
austenitic phase depends on the alloy compositions. This
phase transformation from a (fcc) phase to an (bcc) phase
in austenitic stainless steel can be induced by cold-working
and hydrogen charging treatments.1–9)
It has been reported that ion implantation or irradiation
also induce phase transformation in metals and alloys,10–22)
namely ion implantation at alloy constituent elements,
and inert gas ions into austenitic stainless steel takes
place the phase transformation from the
phase to the
phase.13–24)
Microstructural observations using a transmission electron
microscopy (TEM) have revealed that ion implantation into
austenite stainless steel introduces microstructural
change14–17) so that the transformed phase with various size
from 10 to 200 nm in diameter16–18) is formed near the ionimplanted surface, and the fraction and size of the phase
increased with dose of ion implantation.15,17,19) The induced
phase transformation in austenitic stainless steel is independent from that implanted ion species such as austenite
stabilizer element (Ni), ferrite stabilizer element (Cr) and
inert gas (Ar).18) It has been also conﬁrmed that the
relationship between matrix and the induced phase is
close to the relation of Nishiyama-Wasserman25) than that of
Kurdjumov-Sach.26)
Furthermore, it has been suggested that the martensite
transformation is associated with the stress concentration18–21) induced by the distribution of implanted ions.
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However, the actual mechanism and more detailed microstructures related to phase transformation under ion implantation are still not clear.
In this paper, plane and cross sectional TEM observations
were performed for type 301 austenitic stainless steel after
ion implantation of Feþ and Arþ ions. Clariﬁcation to the
microstructures related to phase transformation under ion
implantation was examined.
2.

Experimental Procedures

Commercial grade austenitic 301 stainless steel disk of
3 mm in diameter were cut from the sheet with 0.15 mm
thick, and annealed at 1373 K for 1.8 ks. The foils for
transmission electron microscopy (TEM) were prepared by
electro-polishing using a twin jet equipment in a solution of
95% acetic acid and 5% perchloric acid at 289 K. Specimens
for cross-sectional observation were prepared using focused
ion beam (FIB) instrument operated using 30 keV Gaþ ions.
The ion implantation was carried out with 300 keV Feþ
and Arþ ions at room temperature using an ion accelerator.
The specimens were implanted to dose levels of 5  1020 Feþ
m2 , 1  1020 and 5  1020 Arþ m2 . The projected ranges
of 300 keV Feþ and Arþ ions in austenitic 301 stainless steel
calculated with TRIM code are 200 and 300 nm, respectively.
TEM observations were performed by JEOL JEM-2000FX
and JEOL JEM-2010F operated at 200 kV.
3.

Results and Discussions

In a specimen implanted to a dose of 5  1020 Feþ ions
m at room temperature, a lot of precipitate images and
damage structures were observed in the
matrix. These
precipitates were also observed in a specimen after implan2
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Fig. 1 TEM micrographs and schematic representations of SAD pattern in type 301 austenitic stainless steel specimens implanted to
ﬂuences of 5  1020 Fe ions m2 (a-c) and 1  1020 Ar ions m2 (d-f) at room temperature. (a) and (d) BF images, (b) and (e) SAD
patterns of the matrix and the induced phase, (c) and (f) schematic representation of the SAD patterns.

tation to a dose of 1  1020 Arþ ions m2 . The number
density of the precipitates increased with increasing of
implantation dose.
Figure 1 shows a transmission electron micrograph of the
austenitic 301 stainless steel implanted with 300 keV Feþ and
Arþ ions to doses of 5  1020 ions m2 and 1  1020 ions
m2 , respectively, at room temperature. Figures 1(a) and (d)
are the microstructures observed from near ½001 beam
direction. The diﬀraction patterns obtained from matrix and
the precipitates were given in Figs. 1(b) and 1(e). The
implantation-induced precipitates were identiﬁed as phase
from the diﬀraction patterns, where incident directions are
½011 and ½111 for the austenite matrix and the induced
phase due to the Feþ ion implantation, respectively. On the
other hand, for the case of Arþ ion implantation, the direction
of incident electron beam for the matrix and the phase

correspond ½011 and ½001 , respectively. Figs. 1(c) and
1(f) indicate indexes of the obtained diﬀractions for matrix
and the phase induced due to implantation of Arþ and Feþ
ions. The analysis of these diﬀraction spots showed parallel
relations of the ð011 Þ k ð11 1Þ and ð1 1 0Þ k ð1 1 1Þ in the
cases of Feþ ion and Arþ ion implantations, respectively.
Thus, it is suggested that the orientation relation between
matrix and the induced phase due to Feþ ion implantation
are ½111 k ½011 and ð011 Þ k ð11 1Þ , which closely
correspond to the orientation relations of Kurdjumov-Sachs
(K-S). Also the orientation relation for Arþ ion implantation
are ½001 k ½011 and ð110Þ k ð111 Þ which are close to
the orientation relationships of Nishiyama-Wassermann (NW).
The size of the induced phase due to Arþ ion implantation
is larger and its shape is diﬀerent from that in Feþ ion
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Fig. 2 TEM micrographs of cross-sectional specimens implanted to ﬂuences of 5  1020 Fe ions m2 (a-c) and 5  1020 Ar ions m2 (d-f)
at room temperature. (a) and (c) BF images, (b) and (e) SAD patterns of the induced phase, (c) and (f) distribution proﬁles of both ions
and damages to the depth according to TRIM code and EDS analysis.

implanted specimen. It is well known that ion implantation of
inert gas into austenite stainless steel produce bubbles
including the gases, as being revealed in 304 stainless steel
when Neþ ions were implanted at the temperature below
425 K.24) The bubble formation is not directly observed in the
austenitic stainless steels in the process of implantation of gas
ions.18,20,22) It is suggested that local stress due to the bubble
formation and/or clusters of the implanted gas atoms might
aﬀect martensitic phase transformation. Therefore, the local
stress introduced by a distribution of implant gas seems to
inﬂuence in wider range than that of the Feþ ion implantation.
Figure 2 shows TEM bright ﬁeld images for the cross
sectional view of the specimen implanted with 300 keV Feþ
and Arþ ions to ﬂuence of 5  1020 ions m2 at room
temperature. Concentration proﬁles of the implanted ions and
the damage distributions calculated by TRIM-code were also
displayed in the ﬁgure. The phases observed from ½111
and ½001 directions were shown in Figs. 2(a) and (d). The
dark ﬁeld image contrast near surface indicated by arrow (the
dark contrast along outer surface is W coating layer coated
for the protection of surface layer from the damage during
FIB fabrication) corresponded to phase. Figures. 2(c) and
(f) shows the depth proﬁles of the Fe and Ar stainless steel
after implantation at 300 keV, respectively. The peak
concentrations of the implanted Feþ and Arþ ions are at

about 100 nm and 150 nm in depth away from the surface
(calculated with TRIM code), respectively. The damage peak
is at about 60 nm for Feþ ion and 110 nm for Arþ ion in
depth. From the cross-sectional observation, it is indicated
that most of phases induced by Feþ implantation were
nucleated near the surface in the ion implanted region. Thus,
with comparing the microstructures and the proﬁles of the
range and the straggling of ions (see Fig. 2(a)), the nucleation
position of the phase is not coincident with the range of
peak damage and/or peak concentration of implanted
elements. These facts suggest that the implantation-induced
phase transformation is not directly related to concentration
of implanted ions and the introduced damage defects during
implantation near surface region away from the damage and
the concentration peaks, namely the most of the phase
transformation might be preferentially caused in the region
corresponding to the highest concentration gradient in ion
implanted depth proﬁle in which the local stress concentration may be introduced. From the stress distribution
estimated for the Feþ ion concentration proﬁle, it is
suggested that the position of strain ﬁeld expected from the
concentration gradient was about 30 nm in depth from
specimen surface, which corresponded to the distribution
region of the observed phases. Furthermore, the phase
transformation may be enhanced the internal stress introduced by the irradiation damage due to implantation as being
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seen in the Arþ ion implanted specimen. Also a segregation
eﬀect of the implanted ion species on the phase transformation should be considered but implantation temperature
in this experiment is at room temperature, so the eﬀect is
seemed to be negligible.
4.

Conclusions

From present experiment on ion implantation induced
martensitic phase transformation in 301 stainless steel using
an ion accelerator, following results are summarized;
(1) The phase transformation from (fcc) phase to (bcc)
phase was observed in thin ﬁlm specimens of type 301
austenitic stainless steel implanted with 300 keV Feþ
and Arþ ions at room temperature. The number density
and the mean size of the phase increased with dose of
ion implantation.
(2) The orientation-relationships between the induced
phase and the
phase for the Feþ ion implanted
specimen was close to that of Kurdjumov-Sachs
relationship (ð11 0Þ k ð111 Þ and ½111 k ½011 ).
The martensitic phase induced due to Arþ ions showed
the relation of Nishiyama-Wassermann relationship
(ð110Þ k ð111 Þ and ½001 k ½01 1 ).
(3) The induced phase due to the implantation with
300 keV Feþ and Arþ ions at room temperature mostly
nucleated near the surface. The size and sharp of the
induced phase is diﬀerent depending on ion species.
The stress introduced by the concentration gradient of
implanted ions has important role to cause the phase
transformation, and especially gaseous Ar ions signiﬁcantly contributes to the phase transformation.
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